ABSTRACT Background: Biochemical evidence has linked the coordinate control of fatty acid (FA) synthesis with the activity of stearoyl-CoA desaturase-1 (SCD1). The ratio of 16:1n-7 to 16:0 [SCD1 (16) ] in plasma triacylglycerol FA has been used as an index to reflect liver SCD1 (16) activity and has been proposed as a biomarker of FA synthesis, although this use has not been validated by comparison with isotopically measured de novo lipogenesis (DNL Meas ). Objective: We investigated plasma lipid 16:1n-7 and FA indexes of elongation and desaturation in relation to lipogenesis. Design: In this cross-sectional investigation of metabolism, 24 overweight adults, who were likely to have elevated DNL, consumed D 2 O for 10 d and had liver fat (LF) measured by magnetic resonance spectroscopy. Very-low-density lipoprotein (VLDL)-triacylglycerols and plasma free FA [nonesterified fatty acids (NEFAs)] were analyzed by using gas chromatography for the FA composition (molar percentage) and gas chromatography-mass spectrometry and gas chromatographycombustion isotope ratio mass spectrometry for deuterium enrichment. Results: In all subjects, VLDL-triacylglycerol 16:1n-7 was significantly (P , 0.01) related to DNL Meas (r = 0.56), liver fat (r = 0.53), and adipose insulin resistance (r = 0.56); similar positive relations were shown with the SCD1 (16) index, and the pattern in NEFAs echoed that of VLDL-triacylglycerols. Compared with subjects with low LF (3.1 6 2.7%; n = 11), subjects with high LF (18.4 6 3.6%; n = 13) exhibited a 45% higher VLDL-triacylglycerol 16:1n-7 molar percentage (P , 0.01), 16% of subjects had lower 18:2n-6 (P = 0.01), and 27% of subjects had higher DNL as assessed by using a published DNL index (ratio of 16:0 to 18:2n-6; P = 0.03), which was isotopically confirmed by DNL Meas (increased 2.5-fold; P , 0.01). Compared with 16:0 in the diet, the low amount of dietary 16:1n-7 in VLDLtriacylglycerols corresponded to a stronger signal of elevated DNL. Conclusion: The current data provide support for the use of the VLDLtriacylglycerol 16:1n-7 molar percentage as a biomarker for elevated liver fat when isotope use is not feasible; however, larger-scale confirmatory studies are needed. This trial was registered at clinicaltrials.gov as NCT01371396.
INTRODUCTION

Elevated de novo lipogenesis (DNL)
5 is increasingly recognized as an important contributor to hepatic triacylglycerol concentrations in nonalcoholic fatty liver disease (NAFLD) (1, 2) and other states of insulin resistance (3) (4) (5) (6) . Along with quantitative contributions to liver triacylglycerols (1), the DNL pathway has qualitative implications whereby the principal fatty acid (FA) products of DNL are saturated (7) , which can have negative consequences on cellular functions such as insulin signaling (8) . Isotopic labeling is the most objective method for measuring DNL but is technically challenging and costly to perform, making it unrealistic for large-scale studies. With the use of defined feeding conditions, Hudgins et al. developed the linoleic acid dilution method, which measures changes in the ratio of palmitate (16:0) to linoleate (18:2n-6) , referred to as the lipogenic index (9, 10) . This technique has been systematically validated against isotopically measured de novo lipogenesis (DNL Meas ) (9, 10) and extended to create a standardized test of lipogenic sensitivity to acute fructose intake (11) . However, the usefulness of this index to reflect DNL on its own (without fructose intervention) in larger studies may be limited because of the significant effect of recent dietary intake on the VLDL-triacylglycerol FA composition, particularly for 18:2n-6 (12, 13) .
In plasma triacylglycerols, the saturated compared with unsaturated balance depends on the FA composition of dietary fat and adipose tissue as well as the activities of liver enzymes catalyzing FA synthesis, elongation, and desaturation. StearoylCoA desaturase 1 (SCD1) desaturates stearate (18:0) and 16:0 into oleate (18:1n-9) and palmitoleate (16:1n-7), respectively (14) . The plasma FA composition has been used to provide insight into cellular metabolic pathways; specifically, the ratios (molar percentage:molar percentage) of 18:1n-9 to 18:0 [SCD1 (18) ] and 16:1n-7 to 16:0 [SCD1 (16) ] are used to estimate SCD1 activity (15) (16) (17) (18) (19) (20) . The SCD1 (16) index has also been proposed as an indirect biomarker of DNL. As reviewed by Jump (21) , the activation of DNL upregulates SCD1, leading to the generation of 16:1n-7, vaccenic acid (18:1n-7), and 18:1n-9. In addition, the activation of FA synthesis and elongation through the elongation of the very-long-chain fatty acid protein 6 (ELOVL6) enzyme may occur simultaneously, with the ratio of 18:0 (the product of elongation) to 16:0 reflecting ELOVL6 activity (22) . However, the importance of these processes to the development of excess liver fat is unknown.
The coordinate control of DNL, elongation, and desaturation was supported by observational studies in humans. Here, elevated DNL (measured directly via isotopic enrichment and indirectly by the 16:0 to 18:2n-6 ratio) was associated with greater proportions of MUFAs in VLDL-triacylglycerols, particularly 16:1n-7 (7, 18, 20) . Furthermore, conditions associated with increased DNL, such as obesity (23) (24) (25) (26) , insulin resistance (27) , and hypertriglyceridemia (28) , also showed an increased proportion of 16:1n-7 in plasma lipids. However, to our knowledge, no study to date has compared a direct measure of DNL with the SCD1 product biomarker (16:1n-7); accordingly, the current study investigated DNL, FA composition, and indices of liver enzyme activity in VLDL-triacylglycerols and nonesterified fatty acids (NEFAs) from insulin-resistant adults who were likely to have elevated DNL. Our results suggest that the VLDL triacylglycerol 16:1n-7 molar percentage measured simply by using gas chromatography (GC) (with no isotopic labeling needed) correlates with both DNL measured isotopically and liver fat. Thus, measurements of the plasma FA composition should be considered to estimate lipogenesis in large population studies.
SUBJECTS AND METHODS
Subjects
The current data represent a comprehensive analysis of the FA composition and labeling from a larger investigation of insulin resistance and liver metabolism (29) . Overweight and obese adults were recruited from the local Dallas metropolitan area through health fairs, local hospitals, and hepatology clinics (see flowchart shown in Figure 1 ). Through these channels, 730 individuals completed an initial screening for elevated liver enzymes (alanine aminotransferase concentration .30 U/L and aspartate aminotransferase concentration . 30 U/L), fasting plasma glucose concentrations (.90 mg/dL), and BMI (in kg/m 2 ) .25. On the basis of the results of this initial screening, subjects who were eligible were invited to attend a more comprehensive second screening visit to explain the study to them, assess characteristics of the metabolic syndrome (including elevated plasma triacylglycerols, waist circumference, glucose concentration .90 but ,125 mg/dL, blood pressure, or low HDL cholesterol) (30) , obtain a medical and weight history (to ensure stable body weight), and rule out diabetes and pre-existing liver disease (including hepatitis, cirrhosis, cholestasis, and biliary disorders). Ninety-two subjects agreed to come in for this screening visit, which was designed to identify overweight and obese adults who were nondiabetic with and without NAFLD and well matched for age, adiposity, dietary intake, activity levels, lipids, and other metabolic variables. Subjects were excluded if they smoked, had known metabolic abnormalities including elevated thyroid hormone concentrations, or elevated alcohol consumption (.140 g/wk for men and .70 g/wk for women). After this second screening, 40 subjects were eligible and invited to participate in the research protocol, which had high subject burden related to controlled food intake and physical activity as well as multiple inpatient study visits with intravenous line placement and overnight hospital stays. Twenty-four subjects consented to participate and completed the full study protocol. Each individual set of inpatient studies took 6 wk to accomplish; recruitment and data collection began in 2008 and ended in 2011. The sample size of the original study was determined on the basis of the ability to detect a significant difference in lipogenesis of $10 U (percentage of liver fat) between groups (P , 0.05) with 95% power (29) . This study was approved by the Institutional Review Board at the University of Texas Southwestern Medical Center (062007-025), and all subjects provided written informed consent. This trial was registered at clinicaltrials. gov as NCT01371396.
Study design
The study design and baseline characteristics of the subjects have been described elsewhere (29) . Briefly, subjects were admitted to the Clinical Translational Research Center (CTRC) at University of Texas Southwestern Medical Center to assess body composition, glucose tolerance, and blood lipids. Before admission, subjects completed a 24-h dietary recall and filled out a 3-d food diary. These items were reviewed by a registered dietitian who interviewed the subjects to achieve a comprehensive assessment of usual dietary intake. On the basis of the analysis of these records with the Nutrition Data System for Research (NDSR 2009; University of Minnesota), a weightmaintaining menu was designed by the dietitian, and all foods and beverages were prepared by the CTRC kitchen and provided to the subject to consume over a 10-d period. During this time, subjects also consumed multiple 50-g doses of 70% deuterated water (D 2 O; Cambridge Isotope Laboratories Inc.) (31) . Body composition was measured by using dual-energy X-ray absorptiometry (Hologic Discovery W, QDR series; Hologic), and the liver fat content was measured by using 3.0-T 1 H-magnetic resonance spectroscopy (32) . Subjects were categorized as having high liver fat (HighLF) or low liver fat (LowLF) according to published criteria and with the use of #5.6% as the cutoff for LowLF (33) . Subjects also wore an Actical accelerometer on the hip (Actical; V2.1; Philips Healthcare) for 4d to assess physical activity levels (34) . After the accelerometer measurement was completed, the subject was admitted to the CTRC for an overnight stay before the assessment of fasting blood lipids. Briefly, at 1800, a standardized evening meal was administered. The subject was allowed to consume noncaffeinated, nonenergycontaining drinks (e.g., herbal tea), but no other food was consumed until the fasting blood draw the next day at 1030. Subjects were studied sequentially over a period of 3 y. For each subject, 3 wk were needed for inpatient and outpatient sample collections (screening in addition to initial and inpatient visits) followed by 5 wk of biochemical and analytic data generation per subject.
Analysis of blood metabolites
Blood was collected in chilled tubes containing EDTA for the measurement of plasma glucose, insulin, NEFA, and triacylglycerols. Plasma was immediately separated and kept on ice while preservatives and antioxidants were added (phenylmethylsulfonyl fluoride, chloramphenicol, gentamicin sulfate, benzamidine, and Trolox) as previously described (35) . Samples were immediately frozen and analyzed as soon as possible by using enzymatic assays, and fluorescence antibody kits were used to measure plasma concentrations of plasma NEFAs (991-34891; Wako Diagnostics; CV: 3.1%), glucose (439-90901; Wako Diagnostics; CV: 6.6%), insulin (EZHI-14L; Millipore Corp.; CV: 3.4%), and total plasma triacylglycerols and VLDLtriacylglycerols (461-08992 and 209092; Wako Diagnostics; CV: 1.3%). Enzymatic plates were read on a Power wave XS microtiter plate reader (Biotek Inc.). HOMA was also calculated as follows (36) An index of adipose insulin resistance (AdipoIR) was calculated as the product of fasting insulin and NEFA concentrations (37) .
Laboratory procedures and lipid isolation
For the analysis of blood lipids, plasma underwent ultracentrifugation at 40,000 3 g for 20 h in a Beckman 50.3 Ti fixedangle rotor (Beckman Instruments) at 158C immediately after the collection period as described previously (35) . VLDL particles were obtained by tube slicing to remove the top 2 mL (35), whereas the remaining bottom 4 mL solution were kept for isolation of plasma NEFAs. VLDL-triacylglycerols were isolated, and fatty acid methyl-esters (FAMEs) were prepared as described previously (35) . To prepare NEFAs for FA analysis, the 4 mL infranatant that remained after VLDL isolation was extracted with heptane:isopropanol (30:70 mixture; 4 mL) and 1 mol H 2 SO 4 /L (100 mL). NEFAs were isolated by using thinlayer chromatography with a 80:20:1 hexane:ethyl ether:acetic acid solvent system and silica G plates (20 3 20 cm, 250 mm; Analtech Inc.) and prepared as FAMEs for GC analysis.
FA analysis
The FA composition of the diet was determined as part of the background dietary assessment with Nutrition Data System for Research software. The FAME composition of VLDLtriacylglycerols and NEFAs was analyzed by using an HP 6890 series GC gas chromatograph (Hewlett-Packard) equipped with a flame ionization detector. Samples were introduced via a splitless injector and separated on an SP-2560 column (100 m, 0.25-mm inside diameter, 0.20-mm film thickness, Supelco; Sigma-Aldrich) by using helium as the carrier gas. The initial oven temperature was kept at 1408C for 5 min and then ramped up to 2408C by increments of 48C/min. The temperature was held at 2408C for 20 min before ramping back down to 1408C. Peak areas were quantified with HP Chemstation software (Hewlett-Packard). Individual FAs were identified by comparing their retention times with standard FAME mixtures (68A and NIHC; Nu-Chek Prep), and the molar percentage of each FA was calculated. The CV for these measurements was 0.1% for FAs in higher abundance (.6% of the total molar percentage) and 0.5% for FAs of lower abundance (#6% of the total molar percentage). In the fasting state, the FA composition in plasma NEFAs primarily reflects FA arising from adipose tissue, although some FAs can arise from triacylglycerol hydrolysis in the plasma. The FA composition of plasma VLDL-triacylglycerols reflects livertriacylglycerol FA sources (1) and composition (38) . The current analysis focused on 7 FAs that represent 90-95% of total FAs current in VLDL-triacylglycerols and NEFAs. These 7 FAs were chosen on the basis of their major contribution to the plasma NEFA pool (16:0, 18:0, 18:1n-9, and 18:2n-6) and because they are direct products of lipogenesis (14:0 and 16:0) or elongation and desaturation (cis16:1n-7 and cis18:1n-7). For this data set, there were no undetected values for any of the 7 FAs investigated in either triacylglycerol or NEFA pools.
DNL
Body D 2 O enrichments were measured by using isotope-ratio mass spectrometry (IRMS) (Metabolic Solutions); average enrichments were 0.90 61.00% of plasma water. Deuterium incorporation into VLDL-triacylglycerol 16:0 was determined by using gas chromatography-mass spectrometry (GC-MS) on an Agilent 6890N GC gas chromatograph coupled to a 5975 MS detector and 7683B injector (Agilent Technologies) as described previously (39) . Enrichments were determined by selective ion monitoring for a m/z of 270, 271, and 272 under electron ionization, and the percentage of newly-made 16:0 in VLDLtriacylglycerols was calculated as described (31, 40) . Fasting DNL (DNL Meas ) was defined as the percentage contribution of newly synthesized 16:0 in the VLDL-triacylglycerol pool and, in this study, represented an average of 2 fasting blood samples taken in the morning.
To further investigate DNL, deuterium incorporation into 16:0 and 16:1n-7 were measured by Metabolic Solutions with a Delta V Isotope Ratio Mass Spectrometer coupled to a Thermo Trace GC Ultra with a GC combustion interface III and Conflow IV interface (Thermo Finnigan). Methyl esters of 16:0 and 16:1n-7 were analyzed by using a splitless injection (1 mL) at an inlet temperature of 3008C and a Zebron ZB-Semivolatiles column with a film thickness of 30 m 3 0.25 mm 3 0.50 mm (Phenomenex). The oven was programmed with an initial column temperature of 908C with a 1-min hold followed by a ramp of 158C/min to 2308C, a ramp at 58C/min to 2608C, and 508C to 3458C, and finally held for 2.5 min. Compounds eluting off the column were directed into the pyrolysis reactor, heated at 14208C, and converted to hydrogen gas. The deuterium enrichment was first initially expressed in d values, compared with a calibrated hydrogen gas, and converted to atom percent deuterium by using standard equations. Calibration standards of methyl palmitate were obtained from Arndt Schimmelmann, Biogeochemical Laboratories, Indiana University. The percentage of de novo 16:1n-7 was calculated as previously described (4). We chose gas chromatography-combustion isotope ratio mass spectrometry for the measurement of de novo 16:1n-7 rather than GC-MS because the double bond in 16:1n-7 makes the molecule highly labile when measured by GC-MS with electron ionization and even when analyzed by chemical ionization (the fragmentation pattern is highly variable depending on the inlet or source temperatures). Moreover, IRMS is more sensitive than GC-MS for detecting lower deuterium enrichment, with the former detecting tracer:tracee (mol:mol) ratios down to 10 25 (or 0.001 atom percent excess) compared with GC-MS, which can accurately detect the tracer:trace ratio down to 0.2 atom percent excess (41) .
Calculation of FA ratios and statistical analysis
Past research studies have used ratios of FAs as representative of relative activities of SCD1 and ELOVL6 enzymes (15, 25, 38, 42) . We calculated these ratios for both VLDL-triacylglycerol and plasma NEFA FA compositions (molar percentage). SCD1 (16) and SCD1 (18) were calculated as indices of SCD1, whereas the ratio of 18:0 to 16:0 was used as an index of elongase activity (15, 38, 42) . Finally, the ratio of 16:0 to 18: 2n-6 was tested in the current study as an index of de novo lipogenesis (DNL Index ) (9, 10, 18) and compared with the absolute lipogenesis measured by using the deuterium isotope (DNL Meas ). Statistical calculations were performed with Microsoft Excel (version 2007; Microsoft) and GraphPad Prism (V6.01; GraphPad Software Inc.). LowLF and HighLF groups were compared by unpaired 2-tailed t test (data reported as means 6 SDs), and associations between outcome variables were assessed with Pearson's correlation coefficient. P , 0.05 was considered statistically significant, with P , 0.10 reported as a trend.
RESULTS
Subject characteristics
With the use of predefined criteria (36), subjects were divided into 2 groups as having either HighLF (n = 13; 18.4 6 3.6%) or LowLF (n = 11; 3.1 6 2.7%), and groups were matched for anthropometric characteristics as described previously (29) and presented in Table 1 . Briefly, the groups had similar fasting plasma glucose and lipid concentrations and glycated hemoglobin. Groups were also equally sedentary (79.8 6 8.8% and 79.0 6 10.5% of the day; P = 0.85). Fasting insulin concentration was slightly higher in the HighLF group than LowLF group, which is characteristic of subjects with NAFLD (43) . As shown in Table 1 , the groups were also similar in ad libitum (prestudy) dietary intakes of macronutrients as well as dietary FA compositions.
VLDL-triacylglycerol and NEFA FA composition
As shown in Figure 2A , the VLDL-triacylglycerol molar percentage of 14:0, 16:0, 18:0, 18:1n-7, and 18:1n-9 were similar between liver fat groups. By contrast, VLDLtriacylglycerol 16:1n-7 was 45% higher (P , 0.01), and 18:2n-6 was 16% lower (P = 0.01), in the HighLF group than LowLF group. The dietary intake of 18:2n-6 in the HighLF group was slightly, although not significantly, lower than that of the LowLF group (Table 1) , whereas dietary intakes of other FAs, including 16:1n-7, were similar between groups. In addition, across both groups, dietary intakes of 16:1n-7 were much lower than of 16:0 and 18:2, as expected. Biomarkers of enzyme activity are presented in Figure 2B , and no difference was shown between groups for ELOVL6 activity. By contrast, the SCD1 (16) index was 38% higher in the HighLF group, which was attributed to an FIGURE 2 VLDL-TG fatty acid composition and indicators of lipid enzyme activities. Data are means 6 SDs for individual fatty acids in VLDL-TG from subjects with low liver fat (gray bars; n = 11) and high liver fat (black bars; n = 12) (A) and fatty acid ratios used as putative biomarkers in the literature for the activities of ELOVL6, which elongates palmitate (16:0) to stearate (18:0), and SCD1, which can desaturate palmitate (16:0) to palmitoleate (16:1n-7) or stearate (18:0) to oleate (18:1n-9) (B). *Difference between liver fat groups, P , 0.05 (unpaired 2-tailed t test). ELOVL6, elongation of very-long-chain fatty acid protein 6; HighLF, high liver fat; LowLF, low liver fat; mol%, molar percentage; SCD1, stearoylCoA desaturase-1; SCD1 (16) , ratio of 16:1n-7 to 16:0; SCD1 (18) , ratio of 18:1n-9 to 18:0; TG, triacylglycerol.
FIGURE 3
Comparison of DNL Meas with fatty acid indices of DNL. Data are means 6 SDs from subjects with low liver fat (gray bars; n = 11) and high liver fat (black bars; n = 12 for VLDL-TG data and n = 13 for NEFA data). In the literature, the molar ratio of 16:0 to 18:2n-6 is used as a DNL Index . In this figure, the index is compared with DNL Meas by using deuterated water administration and fatty acid analysis by GC-MS. * P value ,0.05 for differences between liver fat groups, analyzed by unpaired 2-tailed t test. DNL, de novo lipogenesis; DNL Index , index of de novo lipogenesis; DNL Meas , isotopically measured de novo lipogenesis; GC-MS, gas chromatography-mass spectrometry; NEFA, nonesterified fatty acid; TG, triacylglycerol. isolated elevation of 16:1n-7 because 16:0 was not different between groups. Figure 3 presents the DNL Index (ratio of 16:0 to 18:2n-6) in VLDL-triacylglycerols, which has been previously been validated as a measure of change in lipogenesis by Hudgins et al. (9, 10) . The VLDL-triacylglycerol DNL Index was 27% higher in the HighLF group. When VLDL-triacylglycerol DNL was measured directly by using deuterium-labeled water (DNL Meas ), lipogenesis was 2.5-fold higher in the HighLF group (P , 0.01) than LowLF group (Figure 3) . For the plasma NEFA pool, as shown in Figure 4A , proportions of 16:1n-7 and 18:1n-7 were greater, and 18:0 was lower, in the HighLF group. These findings resulted in the SCD1 (16) index being 137% higher (P = 0.02; Figure 4B ) and SCD1 (18) index being 76% higher in the HighLF group (P , 0.05). By contrast, the elongase index (ELOVL6) was significantly lower in the HighLF group ( Figure  4B ). Similar proportions of NEFAs 16:0 and 18:2n-6 between groups ( Figure 4A ) resulted in a similar DNL Index in the NEFA pool (Figure 3 ).
Correlations
Relations were explored between FA compositions of VLDLtriacylglycerols, NEFAs, and the diet and characteristics of insulin resistance (Table 2, Figure 5 ). In VLDL-triacylglycerols, 16:1n-7 was significantly correlated with isotopically measured lipogenesis (Table 2, Figure 5A ), liver fat, and AdipoIR. No other VLDL-triacylglycerol FA was associated with DNL Meas (Table 2) , including 16:0 ( Figure 5B ). These relations with 16:1n-7 suggest that this FA could be derived directly from lipogenic pathways (i.e., channeling occurs between FA synthesis and desaturase enzymes). To test this hypothesis, we compared the deuterium labeling of 16:1n-7 and 16:0 and showed that 16:1n-7 (10 6 7%) was significantly less (P = 0.004) labeled than 16:0 (23 6 13%); this finding does not support the concept of channeling. Rather, unlabeled 16:1n-7 would be derived from desaturation of 16:0 originating from both endogenous (unlabeled) and labeled (D 2 enriched during lipogenesis) sources. Calculations of indicators of liver enzyme activities revealed that the SCD1 (16) was significantly associated with DNL Meas and liver fat, whereas the SCD1 (18) was not (Table 2) . Rather, the SCD1 (18) was negatively correlated with HOMA and AdipoIR, and because of the mathematical relations between these variables, VLDL-triacylglycerols 18:0 and ELOVL6 were positively related to HOMA and AdipoIR. The DNL Index (ratio of 16:0 to 18:2) did not correlate with DNL Meas ( Figure 5C ) but was associated with HOMA and AdipoIR ( Table  2) . With regard to dietary intake, VLDL-triacylglycerol 16:0 correlated with its presence in the diet ( Figure 5D ), but VLDLtriacylglycerol 16:1n-7 was not related to its presence in the diet ( Figure 5E ).
NEFA 16:1n-7 and VLDL-triacylglycerol 16:1n-7 were strongly correlated with each other (r = 0.77, P , 0.001; Figure  5F ), whereas the other FAs in these lipid species were not intercorrelated (data not shown). NEFAs 16:1n-7 and 18:1n-7 were related to DNL Meas , HOMA, and AdipoIR (Table 2) , and 18:1n-9 correlated with the latter two. Again, desaturase biomarkers SCD1 (16) and SCD1 (18) mirrored relations of their individual FA species. Similarly, 18:0 in NEFAs was negatively correlated with insulin resistance (i.e., the higher the NEFA 18:0, the lower the DNL Meas , HOMA, and AdipoIR), and the NEFA ELOVL6 was also inversely correlated with these variables.
DISCUSSION
Cellular FA composition, arising from the coordinated processes of lipogenesis, elongation, and desaturation, influences metabolic processes such as insulin sensitivity and lipid accrual. Because of the difficulty of obtaining biopsy tissue samples, many investigators measure the plasma lipid FA composition and use relative molar ratios to represent changes in intracellular desaturation and elongation (15, 25, 38, 42) . In a series of elegant studies by Peter et al. (38, 42, 44) , VLDL-triacylglycerol 16:1n-7 was strongly associated with the amount of both liver tissue triacylglycerol 16:1n-7 and liver SCD1 protein and expression. In addition, Peter and colleagues (45) recently associated an increase in the SCD1 (16) index with less accrual of liver triacylglycerols during carbohydrate feeding in healthy men, although the range of liver fat was extremely narrow (,4% in all subjects). We showed the opposite to be true; in the current study, 16:1n-7 was positively related to liver fat across a wide range (0-27%). Our second key finding was a significant relation between proportions of VLDL-triacylglycerol 16:0 synthesized de novo and the molar percentage of 16:1n-7 in FIGURE 4 NEFA fatty acid composition and indicators of lipid enzyme activities. Data are means 6 SDs for individual fatty acids in plasma NEFAs from subjects with LowLF (gray bars; n = 11) and HighLF (black bars; n = 13) (A) and fatty acid ratios used as putative biomarkers in the literature for activities of ELOVL6, which elongates palmitate (16:0) to stearate (18:0), and SCD1, which can desaturate palmitate (16:0) to palmitoleate (16:1n-7) or stearate (18:0) to oleate (18:1n-9). *Difference between liver fat groups, P , 0.05 (unpaired 2-tailed t test). ELOVL6, elongation of very-long-chain fatty acid protein 6; HighLF, high liver fat; LowLF, low liver fat; mol%, molar percentage; NEFA, nonesterified fatty acid; SCD1, stearoyl-CoA desaturase-1; SCD1 (16) , ratio of 16:1n-7 to 16:0; SCD1 (18) , ratio of 18:1n-9 to 18:0; TG, triacylglycerol.
VLDL-triacylglycerols. This observed relation, on the basis of unequivocal measurements, strengthens indirect data from previous human studies and rodent models of fatty liver (7, 18, 20) and provides strong evidence that 16:1n-7 may be used as a marker of hepatic DNL and metabolic dysfunction.
Palmitate is the primary product of FA synthesis and, therefore, might be considered a candidate biomarker for DNL in humans. However, 16:0 is also a major dietary FA, and therefore, the amount of 16:0 in the body can represent either habitual dietary fat intake or the process of DNL (11) . The VLDL-triacylglycerol DNL Index is based on the principle that an increase in the synthesis of 16:0 dilutes the proportion of 18:2n-6. In the current study, this index suggested that lipogenesis was w30% higher in HighLF group, whereas the isotopically measured rate (DNL Meas ) was 2.5-fold higher in the HighLF group than LowLF group. In addition, VLDL-triacylglycerol 16:0 did not correlate with DNL Meas but strongly correlated with dietary intake, suggesting that VLDL-triacylglycerol 16:0 better reflects dietary intake. These data suggest that an increase in 16:0 or the DNL Index within an individual during a targeted intervention can be a marker for the stimulation of lipogenesis but may not accurately reflect DNL in an observational context. By contrast, 16:1n-7 can arise from the diet or via the SCD1-mediated desaturation of 16:0. However, 16:1n7 is present in food at very low amounts (1-4% of dietary FAs) (46) , and thus, when 16:1n-7 is elevated in the blood, it reflects endogenous (SCD1) activity (38, 42, 44) . These data and results from other authors (4, 47) raise the question of whether there is coordination between DNL and the generation of MUFAs through the modification of SFA species. Previously, the relation between 16:1n-7 and DNL has been indirectly suggested through observations of changes in the ratios of 16:0 to 18:2 and 16:1n-7 to 16:0 after dietary interventions (18) , the conversion of labeled 16:0 to labeled 16:1n-7 (18) , and associations of DNL-related enzymes with ELOVL6 and SCD (48) . In the current study, we directly correlated the plasma lipid 16:1n-7 molar percentage with DNL Meas as well as liver fat.
The question of whether elevated 16:1n-7 in plasma lipids is driven by FA metabolism occurring in liver or adipose tissue raises the following 2 relevant issues: 1) DNL in adipose tissue is assumed to be low (49) , disassociating SCD1 activity from the process of lipogenesis, and 2) NEFA flux from adipose tissue is the primary source of FAs for VLDL-triacylglycerols in lean individuals, suggesting that 16:1n-7 arising from adipose stores could contribute to 16:1n-7 in VLDL-triacylglycerols more than that derived from intrahepatic processes such as DNL. First, adequate accounting of adipose lipogenesis has been difficult because of the much larger amount of fat in this depot than in the liver (50, 51) . Particularly in overweight and insulin resistant individuals, adipose lipogenesis may be greater than thought, as (16) , ratio of 16:1n-7 to 16:0; SCD1 (18) , ratio of 18:1n-9 to 18:0; TG, triacylglycerol.
has been shown in the liver under these metabolic conditions (3). In the liver, the tight coupling of liver SCD activity, protein, and messenger RNA with the VLDL-triacylglycerol 16:1n-7 content has been shown repeatedly by Peter et al. (38, 42, 44) and suggests that VLDL-triacylglycerol 16:1n-7 reflects liver SCD1 activity, which we showed was elevated at the same time that DNL was elevated. Second, VLDL-triacylglycerol secretion is not always closely tied to NEFA flux (29, 52) , especially for overweight and insulin resistant individuals in whom DNL makes a more substantial contribution to hepatic lipids. An emerging hypothesis is that the SCD1 pathway is stimulated during lipid overload resulting from both systemic NEFA delivery and hepatic DNL; this activity promotes desaturation of SFAs in the liver and adipose tissue, which may protect against lipotoxicity (53) (54) (55) (56) . The elevation of 16:1n-7 in the current subjects with HighLF was similar to previous observations (57) and was shown in both the plasma VLDL-triacylglycerol and NEFA pools, consistent with its elevation across a variety of lipid species in obesity (phospholipids, NEFAs, and triacylglycerols from plasma, VLDL, and the liver) (17, 26, 58, 59) . The time and technically demanding nature of tracer studies is a natural limitation to the sample size achievable with these protocols. However, strengths of the current study were the comprehensive phenotyping of FA metabolism and glucose tolerance as well as the high degree of matching between groups for adiposity, age, food intake, and physical activity. In addition, although the FA composition of adipose tissue was not measured, FA compositions of both VLDL-triacylglycerols and NEFAs were assessed in relation to the DNL Meas of both 16:0 and 16:1n-7; note that the synthesis of 16:1n-7 was reported in few studies (4) . The 3-d prestudy diet was supplied by the CTRC kitchen and could have resulted in a similarity in the composition of food intake of all subjects, which would have tended to reduce the variability in the FA composition of blood lipids. However, FIGURE 5 Relations between DNL and the fatty acid compositions of VLDL-TG, NEFAs, and the diet. Pearson's correlations in subjects with low liver fat (gray circles; n = 11) and high liver fat (black circles; n = 12 for VLDL-TG data and n = 13 for NEFA data). Data reflect the positive association between DNL Meas and VLDL-TG 16:1n-7 (A) but a lack of association with VLDL-TG 16:0 (B) as well as the DNL Index (C). Instead, VLDL-TG 16:0 was associated with the dietary content of 16:0 (D), whereas this relation was not consistent for 16:1n-7 (E). Finally, the proportions of 16:1n-7 in VLDL-TGs and NEFAs were highly correlated with each other (F). Note interruption in y-axes in panels B and D. DNL Index , index of de novo lipogenesis; DNL Meas , isotopically measured de novo lipogenesis; mol%, molar percentage; NEFA, nonesterified fatty acid; TG, triacylglycerol. the prestudy diet was based on each subject's ad libitum intake, and thus, blood lipids would have reflected each subject's unique diet. FA compositional analyses were not blinded to group assignment, although standardized protocols were used (GC-MS results were calculated from known standards, which made bias unlikely), but the IRMS determination of isotope enrichment in 16:1n-7 was performed in a blinded fashion. The current data were derived from the fasting state, and we have shown previously that subjects with high lipogenesis have elevated concentrations well into a fast (1, 29) , whereas in lean healthy subjects, lipogenesis concentrations are very low in the fasting state and stimulated with feeding. Thus, in lean subjects, 16:1n-7 may not be an efficient marker of lipogenesis or liver fat, and generalizing these findings to larger data sets would require that the population have a wide range of body fat and insulin sensitivity.
In conclusion, to our knowledge, this is the first study to comprehensively compare isotopically labeled FA patterns in subjects with documented NAFLD. In both NEFA and VLDLtriacylglycerol pools, the following 3 outcomes were confirmed as markers of reduced insulin sensitivity and liver fat: the molar proportion of 16:1n-7 as a percentage of all VLDLtriacylglycerol FAs and the proportions of 16:0 and 16:1n-7 that were de novo synthesized (isotopically labeled). When combined with data from other studies, 16:1n-7 is identified in the current study as an objective lipid biomarker that has potential for use as an indicator of lipogenesis in studies in which the administration of isotopes may be more complicated for financial or analytic considerations or the population under study may be more challenging (e.g., studies in children or community or field work).
